We review properties of Galactic VHE sources detected at TeV energies. The number of associations between the VHE sources and pulsars has grown in recent years, making pulsar-wind nebulae the dominant population, although there is still a substantial number of VHE sources which remain to be identified. Among the latter there are several "dark" sources which do not have plausible counterparts at any other wavelengths. In this review we compile and compare the TeV and X-ray properties of pulsar wind nebulae (PWNe), PWN candidates, and unidentified TeV sources.
We review properties of Galactic VHE sources detected at TeV energies. The number of associations between the VHE sources and pulsars has grown in recent years, making pulsar-wind nebulae the dominant population, although there is still a substantial number of VHE sources which remain to be identified. Among the latter there are several "dark" sources which do not have plausible counterparts at any other wavelengths. In this review we compile and compare the TeV and X-ray properties of pulsar wind nebulae (PWNe), PWN candidates, and unidentified TeV sources.
I. CURRENT CENSUS OF GALACTIC VHE SOURCES
During the past decade observations with the H.E.S.S., VERITAS, Milagro, and MAGIC TeV γ-ray observatories revealed a large number of very-high energy (VHE) sources in the Galactic plane. Pulsar-wind nebulae (PWNe), shelltype supernova remnants (SNRs), and microquasar-type high-mass X-ray binaries (HMXBs) appear to be prominent sources of the leptonic cosmic rays in our Galaxy. Firmly identified sources of these types account for 48% of the total number (∼ 90) of Galactic VHE sources, with 28 PWNe, 10 SNRs and 5 HMXBs. There is also a large number of extended TeV sources positionally coincident with young energetic pulsars; they can be considered as TeV PWN candidates and are listed in Table 1 . Some of these associations are more secure than others (e.g., in those cases when X-ray PWNe have been detected). In addition, there remains a sizable fraction of unidentified VHE sources (20 are listed in Table 4 ). For some of these sources, multiwavelength observations suggest a possible counterpart (such as an SNR interacting with a molecular cloud, or a star-forming region), but most of these associations are still uncertain because at least some of these sources still could be powered by offset pulsars whose PWNe are faint in X-rays (see below). Finally, there are "dark" VHE sources, for which neither radio nor X-ray images reveal any plausible counterparts (last section in Table 4 ). Tables 1, 2 , and 3 provide basic properties of 91 known PWNe and PWN candidates, most of which were initially found in X-rays. Note that for some of these PWNe no pulsars have been detected yet (Table 3 ) and only 52 of them have VHE associations or possible VHE counterparts. Although PWNe represent the dominant population among identified Galactic TeV sources, establishing the association between a VHE source and a PWN/pulsar is often a complex task.
II. PULSAR-WIND NEBULAE
Thanks to the Chandra X-ray Observatory, ∼ 70 PWNe have been detected in X-rays (Tables 1 and 2 ). X-ray nebulae around pulsars are created by synchrotron radiation of relativistic pulsar winds shocked in the ambient medium (e.g., [1] [2] [3] ). Many of them show symmetric torus-jet or bow shock morphologies [3] , but some PWNe associated with extended TeV sources consist of a compact brighter core and a faint asymmetric component elongated toward the offset TeV source (e.g., Vela X and HESS J1825-137). Such an asymmetry could be created by the reverse SNR shock that reached one side of the PWN sooner than the other side because of nonhomogeneity of the SNR interiors, crushed the PWN, and pushed the PWN away from the pulsar [4] . Generally, in this scenario a PWN would consist of two distinct parts -an offset "relic" PWN filled with aged pulsar wind particles and a compact PWN near the pulsar filled with "fresh" pulsar wind particles. In many cases X-ray emission from a relic PWN can be very faint or absent because the pulsar wind electrons become too cold and their characteristic synchrotron frequencies move outside the X-ray band. On the other hand, these electrons still can produce TeV emission via inverse Compton scattering (ICS) of the ambient low-energy background photons (such as CMB, diffuse Galactic infrared background, or starlight).
Typical energies of the synchrotron or ICS photons (E syn and E ICS , respectively) depend on the energy of emitting electrons and the magnetic field strength or the energy of seed photons (e.g., the photon energy = kT CMB ∼ 6 × 10
FIG. 1:
Left: Pulsars with detected PWNe (or PWN candidates) in the τ sd -Ė diagram. The semi-circles correspond to X-ray (orange) and TeV (black) PWNe, their sizes are proportional to logarithms of the corresponding PWN luminosities. The small black dots denote the pulsars from the ATNF catalog [6] . Pulsars with PWNe detected by Fermi are marked by stars. Right: Distribution of X-ray (red) and TeV (blue) PWN and PWN candidates over pulsar'sĖ. Two distributions closely follow each other.
eV for the CMB radiation, where k is the Boltzmann constant, and T ∼ 2.7 K):
where E e is the electron energy and B = 10 
can be much shorter than the ICS+synchrotron cooling time for TeV emitting electrons in an extended PWN with a lower magnetic field,
where B = 10 −6 B −6 G is the magnetic field. The latter equation includes the CMB contribution only and an approximate correction for the Klein-Nishina effect [5] . More realistically, the cooling times (τ X , τ γ ), the luminosities (L X , L γ ), and the efficiencies (η X = L X /Ė, η γ = L γ /Ė) of X-ray and TeV PWNe also depend on other factors, such as the presence of local sources of IR photons, the size of the region from which luminosities are measured, and the validity of the Thomson regime approximation.
Due to the longer cooling time for the electrons responsible for the TeV emission, the TeV PWN properties reflect the cumulative history of the pulsar wind losses, and therefore the apparent efficiency of a relic PWN can be large because the pulsar's spin-down powerĖ was larger earlier in its life:Ė(t) =Ė 0 (1 + t/τ sd ) −2 , whereĖ 0 is the initial rotational energy loss rate, and a dipolar magnetic field is assumed. This is reflected in the left panel of Figure 1 , where younger pulsars have more luminous X-ray PWNe while the TeV PWN luminosities do not show an obvious correlation with the age. The lack of TeV PWN detections for pulsars older than few hundred kilo-years can be explained by the fact that the characteristic cooling lifetime of the relic PWN due to the ICS on CMB photons is limited by ∼ 100 kyr. (Note that the characteristic pulsar age, τ sd = P/2Ṗ , may differ from its true age by a factor of a few). Because of the aging effect, one would expect the peak of the ICS TeV spectrum to be shifting toward lower energies as a relic PWN becomes older. Such very old PWNe still could be sources of GeV and radio-optical radiation unless the diffusion and advection completely dissolve the relic PWN bubble on that timescale.
As one can see from Figure 1 and Table 1 , several energetic pulsars with prominent X-ray PWNe are not detected as TeV sources (e.g., G76.9+1.0, G310.6-1.6, 3C 58). On the other hand, the histogram in the right panel of Moreover, there is no obvious correlation between L γ andĖ 1/2 τ sd product ( Figure 3 , right panel). Such a correlation could be expected because the number of particles injected into a PWN should be proportional to the GoldreichJulian current [8] ,Ṅ ∝ B sd /P 2 ∝Ṗ 1/2 P −3/2 ∝Ė 1/2 , where B sd = 3.2 × 10 19 (PṖ ) 1/2 G is the strength of the dipole magnetic field at the NS equator. Therefore, the number of particles accumulated in the PWN over a timescale comparable with the pulsar's age is ∝
The poor correlation could be explained by the varying pair production multiplicity, deviations from the dipolar magnetic filed, different environmental conditions, and by the possible interaction with the SNR reverse shock.
Despite the lack of correlation between L γ andĖ, the scatter in L γ is smaller compared to that in L X (cf. the left panels of Figures 2 and 3 ; see also the right panels of Figure 2 and the left panel of Figure 4 ). The left panel of Figure 4 also shows that for older PWNe most of the power is radiated at γ-ray energies. Some of the scatter in the L X −Ė and L γ −Ė diagrams must be due to distance errors that are very uncertain in some cases. This uncertainty can be eliminated by using a distance-independent L γ /L X ratio which exhibits some correlation with age ( Figure 4 , right panel) and hence withĖ (asĖ and τ sd are correlated; see Figure 1 , left panel). This correlation still shows a substantial scatter, suggesting that the origin of the scatter is not simply due to the distance errors. On the other hand, the correlation is similar in shape to the one suggested by [9, 10] for simplistic one-zone PWN models, which, however, may not be directly relevant for relic PWNe as they are significantly displaced due to the interaction with the SNR reverse shock.
In most cases the TeV PWN spectra fit well a power-law (PL) model (F ν ∝ ν −Γ+1 , where Γ is the photon index), but a more complex spectral shape is suggested by the data in several cases (e.g., Vela X and HESS J1718-385). Also, spectral cut-offs at ∼ > 10 TeV are seen in some cases. The X-ray spectra of PWNe are typically well characterized by an absorbed PL, which may exhibit softening with increasing distance from the pulsar due to the synchrotron cooling. There are, however, only few bright PWNe where the quality of the data allows one to detect such changes. In most cases Γ γ and Γ X are measured from regions of different sizes. It is interesting to note that there appears to be some correlation between L γ and Γ γ , such that Γ γ increases with L γ up to L γ ∼ a few ×10
35 erg s −1 , but then the trend seems to be reversed (see Figure 5 , left panel). More precise measurements of the luminosities and spectral slopes are needed to confirm these trends. X-ray and TeV observations of PWNe provide a useful diagnostic of pulsar wind properties since the PWN emission is intrinsically a multiwavelength phenomenon. However, even the mere detection of a PWN in some energy band indicates the emission mechanism and the electron energies involved. For instance, detecting a PWN in the Xray band, where the synchrotron emission dominates ICS, implies that the wind particles have been accelerated up to ∼ 100 TeV (note that particles with such energies cannot leave the pulsar magnetosphere because of strong radiative losses) and that the same particles should produce ICS emission in the TeV energy range. For young PWNe unaffected by synchrotron burn-off (τ sd ∼ < τ X < τ γ ) one can crudely estimate the PWN magnetic field from the equation
, provided that L γ and L X are measured from the same regions [11] , which is only possible for youngest compact PWNe such as the Crab (cf. Figure 4 , right panel). (Here, u rad is the energy density in the radiation field, u CMB = 0.26 eV cm −3 , and u B = B 2 /8π is the magnetic field energy density.) More detailed modeling may allow one to constrain the ambient pressure, pulsar-wind electron density, boundary energies and the shape of the injected electron SED, true PWN age, ion fraction in the wind, and pair production multiplicity [12] [13] [14] [15] . However, the current PWN emission models are often limited to the one-zone approximation, spherical symmetry, and either the advection or diffusion transport (but not both), although some attempts to go beyond these approximations have been recently made (e.g., [16] [17] [18] ). In relic PWNe, the particle escape via diffusion can be more important than advection. The Bohm diffusion with the diffusion coefficient D = 8. 4 for a typical distance d = 4 kpc and B = 1 µG), comparable to the observed sizes of some extended VHE sources ( Figure 6 ). Once the relic PWN models become more realistic, one might be able to determine whether any of the observed PWNe require an addition of a hadronic mechanism (π 0 decay in proton-proton interactions; see, e.g., [19] ) in order to account for the observed multiwavelength emission and spectrum. In principle, the pulsar wind may contain a fraction of relativistic protons (or ions; [20] ), which would produce a detectable amount of VHE emission. In this respect, particular attention should be paid to the sources in which powerful PWNe are located near SNR shells interacting with (or expanding into) dense molecular clouds [21] .
Another type of PWNe are those around fast moving pulsars, some of which may have escaped from their host SNRs and are now moving supersonically through the rarefied ISM. These PWNe tend to have cometary tail-like shapes in X-ray and radio images [3] . Interestingly, the TeV emission from PWNe of this type (marked by * next to the pulsar name in Table 1 ) has not been firmly detected yet although about a dozen of such pulsars/PWNe are known (e.g., PSRs J1747-2958, J1509-5850, B0355+54, J0633+1746, B1957+20). If a substantial fraction of TeV emission in PWNe is due to a hadronic component of the pulsar wind, the nondetections of pulsar tails might be explained by the lower ambient density. In the case of purely leptonic pulsar wind, the bow-shock TeV PWNe, which might be created by freshly shocked electrons in the pulsar vicinity, are perhaps too faint because of lower spin-down powers of these relatively old pulsars. A possible explanation of nondetections of the long, up to ∼ 20 pc, tails filled by older wind particles is a lower sensitivity of the existing TeV imaging techniques to the extended linear structures. It is, however, possible that the wind particles channeled into the tails behind the pulsars accumulate in lobes, which are not seen in X-rays (due to the relatively short synchrotron cooling time) but could be sources of ICS emission in TeV/GeV and synchrotron emission in the radio (or IR/mm bands), strongly offset from the pulsar. As the surface brightness of such lobes may be relatively low, deep TeV (and radio) observations are required for their detection.
With the launch of Fermi Gamma-ray Observatory it has become apparent that the dominant population of GeV sources in the Galactic plane are young and energetic pulsars. However, pulsar emission usually dominates PWN emission at GeV energies, and therefore it is often challenging to isolate the PWN component. So far, there are about 8 cases (see the last column of Table 1 ) where it has been more or less convincingly demonstrated that, in addition to the pulsed GeV emission, there is a significant unpulsed (and sometimes spatially extended) component due to a PWN. 
III. UNIDENTIFIED AND DARK VHE SOURCES
The properties of 20 unidentified Galactic VHE sources are summarized in Table 4 . For some of these objects a tentative nature has been suggested based on either a positional coincidence (which may be a chance coincidence in the projection onto the sky) with some known object (such as a molecular cloud near an SNR or a star-forming region, or an offset pulsar); however, there is no sufficient evidence to establish a solid identification. To a certain extent this also applies to the 25 TeV PWN candidates marked by "?" in Table 1 , although we consider most of these associations to be more secure because the chance coincidence is less likely. The bottom part of Table 4 contains Table 4 are shown with open filled red circles, respectively. sources which do not have any plausible association in X-rays (the images show multiple faint point sources) or radio. We note, however, that most of the TeV sources in Table 4 appear to have a 2FGL Fermi LAT source within 20 radius, according to the Second Fermi LAT source catalog [22] . However, most of these 2FGL sources are unidentified as well. We also note that the L γ and Γ γ distributions for unidentified sources (shown in Figure 7 ) follow closely those for the TeV PWNe and PWN candidates from Table 1 . This can also be seen from the plots shown in Figure 8 . Therefore, it is plausible that most of the unidentified VHE sources in Table 4 are, in fact, relic PWNe produced by yet undetected pulsars.
IV. SUMMARY
We compiled and reviewed the emission properties of Galactic VHE sources detected at TeV energies. The current population of identified VHE sources is dominated by PWNe, and the locations of the TeV sources are well-correlated with the Galactic arms. It is also likely that a significant fraction (if not all) unidentified VHE sources are also relic PWNe whose synchrotron emission is too faint to be detected in X-rays or it is shifted out of the X-ray band. Multiwavelength observations of unidentified VHE sources and dedicated pulsar searches within the extent of VHE sources can provide reliable identifications and reveal the energetics and composition of pulsar winds. In addition to X-ray and TeV observations, the ICS PWN component can be detected with Fermi LAT in the GeV band, where even old objects should exhibit uncooled ICS spectra, matching the radio synchrotron component. The data accumulation must be complemented by development of multi-zone models of PWN evolution [23] , to understand the nature of pulsar winds and their role in seeding the Galaxy with energetic particles and magnetic fields. It seems that PWNe can be the dominant source of leptonic cosmic rays in the Galaxy, and a significant part of the diffuse Galactic background in GeV γ-rays could come from dissolved relic PWNe whose ages are even larger than those of TeV-identified PWNe. Pulsars with X-ray and/or TeV PWNe (continued) * -PWN name or Galactic coordinates. The superscript ? mark the cases in which no X-ray PWN have been reported but TeV PWN candidates were found nearby. † -TeV sources in the vicinity of the PSR/PWN. 'H', 'V' and 'M' stand for HESS, VERITAS, and Milagro. The superscripts ? and ? ? mark questionable associations, the superscript m is used if the TeV source may be a combination of multiple sources. * * -Our best guess for the pulsar distance, used to scale the distance-dependent parameters in Table 2 . The superscript p marks the distances determined from parallax measurements; the most uncertain distances (e.g., cases when even pulsar's dispersion measure is unknown) are marked ? . ‡ -Is the PWN detected in radio/Hα, and PSR/PWN in GeV γ-rays? Y='yes', N='No', P = 'possibly'. * -Pulsars with tails, which likely move supersonically through a relatively cold, low-density medium. The left portion of this table shows 59 sources presented in [24] , with some of the parameter values updated. Table 1 * -Hydrogen column density (in units of 10 22 cm −2 ) obtained from spectral fits to the PWN spectra or estimated from the pulsar's dispersion measure assuming 10% interstellar medium ionization (in square brackets for the latter case). In a few cases only the upper limits are given (based on the Galactic HI column density). † -Logarithm of PWN luminosity in the 0.5-8 keV band. The quoted errors are purely statistical, they do not include the distance errors. For bright PWNe (e.g., # 2, 8, 16), we quote the luminosity of the PWN "core" restricted to the torus/arcs regions. For the PWNe with extended tails (# 39, 42, 48, 53, 54, 55, 58) we quote only the luminosity of the bright "bullet" component. For # 36, 45 and 46, faint extended emission is seen around the pulsar but its luminosity is very uncertain; we use ±0.50 dex as a conservative estimate for the uncertainty. * * -Logarithm of PWN luminosity in the 1-10 TeV band. ‡ -Photon index of TeV spectrum determined from a power-law model. The fits are not good (e.g., an exponential cutoff is required or the spectral slope is nonuniform) in the cases marked by the superscript ? . The values of photon indices given in square brackets were assumed to estimate Lγ . § -Size of X-ray PWN "core" in which the PWN X-ray properties listed in this table were measured. ¶ -Size of TeV source. If the source is unresolved, we quote the upper limit on lγ . -Offset between the X-ray and TeV components. † † -The PWN/PSR X-ray properties listed here were measured by ourselves (except for # 2, 5, 6, 10, 37, 47, 49 and 51), but we cite recent relevant papers when available. Top portion of this table shows 59 sources presented in [24] with some of the parameter values updated. d − Angular separation from the nearest 2FGL source with ∆2FGL ∼ < 30 . e − Angular separation from the nearest pulsar with ∆ATNF ∼ < 20 , Lγ/Ė ∼ < 10, τ sd ∼ < 100 kyr. f − Existing X-ray observations (Ch. = Chandra; XMM = XMM-Newton; Diffuse = diffuse X-ray emission detected; multi.pt.src = multiple faint sources in the filed with no obvious counterpart; pt.src = X-ray point source candidate).
